Melanoma is responsible for an estimated 62 000 new American cancer diagnoses and is projected to cause nearly 8000 deaths in 2008 alone. Although the histogenesis of the tumor is not well understood, it is thought to originate from a rare melanocyte stem cell that resides in the skin. The transcription factor PAX3 has a wellestablished role in the development of melanocytes during embryogenesis, and has recently been characterized as a molecular switch in the mature melanocyte. Based on this function, PAX3 promotes a melanocytic phenotype but blocks terminal differentiation. This mechanism may also contribute to the uncontrolled cell growth and loss of terminal differentiation in melanomas. Here, we find PAX3 expression in 8/8 melanoma cell lines. We also find that PAX3 is commonly expressed in primary melanoma samples (21/58) but significantly less frequently in benign pigmented lesions (9/75). Further analysis of our melanoma set revealed that PAX3 expression is strongly correlated with younger patients with low or no evidence of sun damage. Our data suggest that PAX3-expressing melanomas may be less environmentally dependent and more genetically linked.
PAX3 (also known as Pax3 in the mouse) is an essential factor for embryonic melanoblast development and survival. Recently, Pax3 expression was described within the hair follicles of juvenile and adult mouse skin within the melanocyte stem niche and in the melanocyte stem cells themselves. 1 The presence of Pax3 in melanocyte stem cells has been characterized by anatomic location of expression within the bulge region of the hair follicle, coexpression with other melanocyte stem cell markers (such as dopachrome tautomerase (Dct)), and coexpression with label-retaining cells identified by long-term retention of 5-bromodeoxyuridine DNA incorporation. Pax3 acts as a regulator of the stem cell phenotype by activating genes to initiate melanogenic lineage but also repressing downstream factors to prevent terminal differentiation.
1 Pax3 has been suggested to play a role in lineage specificity in these melanocyte stem cells, but must be ultimately downregulated for terminal differentiation to take place. 1 Expression of Pax3 has been described in a limited number of melanoma cell lines, [2] [3] [4] but its precise role and mechanism of action in melanocytic oncogenic transformation is not understood. Melanoma is a deadly form of skin cancer that is occurring at an increasing incidence in the United States. 5 Variations in clinical, histopathological, and molecular features suggest two major subgroups of melanoma occurring in sun-exposed skin. 6 One group demonstrates significant chronic sun damage as evidenced histologically by moderate or severe solar elastosis in the adjacent dermis. The second shows no or low levels of chronic sun damage (nonchronic-sun-damaged melanoma). This latter group tends to occur in younger patients and is linked with frequent mutations in the BRAF oncogene. 7, 8 Here, we find the expression of the melanocyte stem cell factor, PAX3, expressed in melanoma cell lines and primary melanomas but infrequently in melanocytic nevi. We find that the patients who have PAX3-expressing melanomas tend to be of the nonchronic-sun-damaged phenotype, having absent or low levels of solar elastosis and a significantly younger age at diagnosis. We propose that PAX3 is a marker for non-chronic-sun-damaged melanoma.
Materials and methods

Western Blot Analysis of Melanoma Cell Lines
All cell lines were obtained through the University of Chicago Cancer Research Center. We studied the B16 murine melanoma cell line and eight human  melanoma cell lines: 537, 624, 888, A375, HIM2,  SK23, SKMEL5, and SKMEL28. The mouse fibroblast 3T3 and human pancreatic cancer cell line  CFPAC1 are available from ATCC (Manassas, VA,  USA) . For western blot analysis detection of PAX6 and b-tubulin, cell lysate (40 mg/well) was loaded on 4-12% gradient gels, transferred to PVDF membranes, and probed with PAX3 mouse monoclonal antibody (1:100 dilution; University of Iowa Hybridoma Bank, Iowa City, IA, USA) and western blotted (Western Breeze Chemiluminescent kit; Invitrogen, Carlsbad, CA, USA). The membranes were stripped using Restore Western Blot Stripping Buffer (Pierce Biotechnology, Rockford, IL, USA), checked for complete removal of antibodies, and reanalyzed for b-tubulin expression (1:400 mouse monoclonal antibody E7; University of Iowa Hybridoma Bank) as a loading control.
Reverse transcriptase-PCR for Pax7 Expression in Melanoma Cell Lines
RNA was isolated from freshly growing cells using Trizol (Invitrogen). Reverse transcriptase-PCR (RT-PCR) was performed using SuperScript III First-Strand Synthesis System for RT-PCR following the manufacturer's protocols (Invitrogen), using random hexamer primers to generate cDNA strands. As a negative control against genomic DNA contamination, each RNA sample was tested by PCR following an RT step in the absence of RT. As a positive control, each RNA sample was tested for the expression of the housekeeping gene G3PDH. A 2-ml portion of cDNA was used for the PCR experiment. The following primers were used: G3PDH (human) primers: sense 5 0 -TGAAGGTCGAGTCAACGGATTT GGT-3 0 and antisense 5 0 -CATGTGGGCATGAGGTCC ACCAC-3 0 , with an expected PCR product of 983 bp; and PAX7 primers: forward 5 0 -GCTCCGGGGCAG AACTACC-3 0 and reverse 5 0 -GCACGCGGCTAATCG AACTC-3 0 , with expected PCR product of 436 bp. PCR conditions were 941C for 2 min, followed by 20 cycles of 941C (30 s), 571C (30 s), and 721C (30 s). 293T cells transfected with Pax7 plasmid served as a positive control. The plasmid pcDNA3-Pax7 was transfected into 293T cells using Qiagen Effectene reagent (Qiagen Inc., Valencia, CA, USA). Transfection efficiency was determined by pCMV-b-gal transfection and staining of cells for b-galactosidase activity.
Primary Melanoma and Nevus Samples
All archival blocks of skin samples were obtained through the Section of Dermatology's clinical tissue bank at the University of Chicago Medical Center. All tissue samples were obtained and analyzed through collaboration with the tissue bank coordinator and in accordance with the University of Chicago Institutional Review Board and Clinical Trials Committee. All tissue samples were selected based on diagnosis (nevus or melanoma) and assigned a number by the tissue bank coordinator, then processed and scored under blind study conditions. Typical and atypical (also known as Clark or dysplastic) nevi were diagnosed using previously published criteria. 9 Both architectural features (circumscription, symmetry, cohesiveness of nests, suprabasal melanocytosis, confluence, and single-cell proliferation) and cytologic features (round/euchromatic nuclei, nuclear enlargement, cell enlargement, and prominent nucleoli) were considerations for this determination. By these criteria, none of the nevi attained a degree of atypia sufficient to warrant the diagnosis of malignant melanoma. After scoring and analysis of PAX3 expression and for solar elastosis grade, diagnosis and patient's age (at time of biopsy) were obtained. All patient identification information was removed from the sample and the clinical report in accordance with HIPAA guidelines.
Immunofluorescent Staining of PAX3 in Tissue Samples
Fluorescence, rather than other chromogens, was utilized to avoid potentially confusing results due to the presence of melanin in the skin samples. The 5-mm tissue sections on slides were blocked using ImmunoPure Normal Goat Serum (Pierce Biotechnology), and were washed and incubated with Pax3 primary antibody (University of Iowa Hybridoma Bank) at a 1:100 dilution and incubated overnight at 41C. The secondary antibody was goat antimouse IgG DyLight 547 (Pierce Biotechnology) and was used at a 1:200 dilution for 30 min at room temperature. For scoring and analysis of PAX3 expression, slides were simply scored as 'positive for expression' (equal or greater intensity of staining of positive controls) or 'negative for expression' (equal or lesser intensity of staining of normal adjacent tissue and negative controls). Since the pattern of Pax3 expression is well described during murine development, 10 sagittal sections of embryonic day 12.5 mouse embryos were used for both positive controls (neural crest, neural tube) and negative controls (non-Pax3-expressing tissues of the body).
Sun Damage Analysis
Duplicate slides from each specimen were cut, with one used for PAX3 protein expression and the other stained with hematoxylin and eosin (H/E). The H/E slides were analyzed by a board-certified dermopathologist for sun damage using a solar elastosis index with a scale from 0 to 3 following previously described methods. 8 Absent solar elastosis was classified as a 0 score, low level as 1, moderate as 2, and severe as 3.
Statistical Analysis
Differences in sample sets were determined by Student's t-test using statistical analysis software (JMP IN software; SAS Institute Inc., Cary, NC, USA). A p-value less than 0.05 was considered statistically significant.
Results
All the melanoma cell lines (one murine and eight human melanoma cell lines) examined by western blot analysis were found to express varying levels of Pax3 ( Figure 1a) . As negative controls, non-melanoma cell lines CFPAC1 (a pancreatic carcinoma cell line, Figure 1a , lane 1) and 3T3 (mouse fibroblasts, Figure 1a , lane 11) that do not express PAX3 are shown. The melanoma cell lines were also screened for the expression of PAX7, a closely related family member of PAX3 that is also expressed in melanocyte precursors. No PAX7 expression was detected in any of the cell lines examined (representative RT-PCR analysis, Figure 1b) . Two major groups of primary pigmented lesions were also tested for in situ expression of PAX3. Out of 133 samples analyzed, 75 were benign pigmented lesions, with 38 characterized as typical and 37 as atypical (dysplastic) nevi. The vast majority of these samples (9/75) were negative for PAX3 expression (Figure 1d) . In contrast, a significant number (21/58) (po0.005) of metastatic melanoma samples demonstrated PAX3 immunoreactivity (Figure 1c) . The tissue samples were scored as either 'PAX3 protein expression positive' or 'PAX3 protein expression negative.' These data are summarized in Figure 1e . The melanoma tumor samples were then split into two major groups, melanomas that expressed PAX3 (PAX3( þ ) tumors) and those that did not express PAX3 (PAX3(À) tumors). The PAX( þ ) tumor patients were significantly younger at age of biopsy and diagnosis. The PAX( þ ) patients were on average 45.3 ± 3.3 years, in comparison to the PAX3(À) patients with a mean age of 63.0±3.3 years (standard error of the mean) (Figure 2 ). This age difference is highly significant (po0.005).
Melanoma samples were scored for solar elastosis grade, on a scale from 0 (no solar elastosis) to 3 (severe solar elastosis). 8 For the PAX3(À) tumors, 62% had some evidence of sun damage, with 35% demonstrating moderate to severe solar elastosis (Figure 3a) . In contrast, PAX3( þ ) tumors overwhelmingly lacked signs of sun damage (76%) and only infrequently showed moderate or severe sun exposure (14.5%) (Figure 3c ). The solar elastosis grades between groups, 1.11 ± 0.16 for PAX3(À) tumors and 0.43±0.16 for PAX3( þ ) tumors. These data are summarized in Figure 3c .
Discussion
Somatic stem cells are characterized by a unique self-renewing capability within the adult organism. These cells play a key role in specialized tissue maintenance and repair by establishing a balance between unspecialized proliferation and differentiation. Essentially, these cells utilize the same molecular pathways that characterize early phases of organ development in the embryo. 11 Cancer's proliferative nature closely resembles the stem cell's undifferentiated phenotype and self-renewing characteristics, suggesting a possible link in nature and/ or mechanism.
PAX3 (also known as Pax3 in the mouse), a member of the PAX family of paired-domain proteins, plays an essential role in the development of neural crest cells. The neural crest is an embryonic tissue type that migrates to highly specific regions within the developing embryo. These embryonic cells possess a high degree of pluripotency and give rise to a multitude of different daughter cells, including melanocytes. 10, 12 The importance of PAX3 in the melanocyte population during development is demonstrated through the murine Splotch phenotype and in the clinical manifestations of Waardenburg syndrome, both of which result from mutations of the PAX3 (or murine pax3) gene. Loss of Pax3 expression in the mouse embryo leads to a greatly reduced number of melanoblasts. Although these mice retain a viable population of melanoblasts, the loss of Pax3 inhibits their precursors from expanding their numbers and therefore lessens the available pool of committed melanoblasts. 13 In this cell population, Pax3 functions as a transcription factor by regulating the expression of lineage-specific genes. 14 The role for Pax proteins in mature tissues is not well defined. In a few contexts, such as that of Pax8 in the thyroid, these proteins have been characterized as essential for tissue maintenance. 15 However, most cells tend to downregulate the expression of Pax proteins following organogenesis. Persistent expression of these proteins may have a deleterious effect under many circumstances. In the kidney, Pax2 is expressed in cystic and hyperproliferative dysplastic diseases. [16] [17] [18] Sustained expression of PAX genes may also contribute to oncogenesis. 2, 19, 20 PAX2, -5, and -8 expression has been identified in various cancers. Additionally, PAX3 and PAX7 are expressed in rhabdomyosarcomas. 21, 22 While Pax3 is essential for melanoblast development and survival in the embryo, Pax3 is also expressed in melanocyte stem cells and in pluripotent skin-derived precursor cells in the postembryonic skin. 1, 23, 24 The function of PAX3 in the stem cell is not well understood, although evidence suggests that it plays a role in stem cell maintenance ( Figure 4 , arrow 1) and inhibition of terminal differentiation ( Figure 4 , arrow 2). 1 A possible duty for PAX3 in maintaining the stem cell is by inhibiting apoptosis, since inhibition of PAX genes by siRNA promotes apoptosis. 2, 21, 25 In embryos lacking pax3, there is an increase in cell death, and this apoptosis can be partially reversed if it is coupled with the loss of function of the p53 gene. 26 There is also evidence for a direct role in apoptosis, since Pax3 directly regulates expression of the antiapoptotic protein Bcl-X L . 27 PAX3 is downregulated as cells differentiate both in melanocytes (SK Powell and D Lang, unpublished data) and in myoblasts, and is uncommonly coexpressed with differentiation markers. Pax3 also represses the expression of genes involved with the differentiated phenotype such as Dct (also known as TRP2). 1 Here, we have studied the expression of PAX3 in a subgroup of melanomas (Figure 4, arrow 3) . It is thought that there are two major origins of melanomas, 'genetic dependent' and 'environment dependent.' 28, 29 Although these terms are overgeneralized, they are representative of the basic model that some melanomas result from chronic sun damage caused by ultraviolet radiation exposure (Figure 4 , arrow 4) while others, often occurring in areas of limited sun exposure (non-chronic-sun-damaged melanoma), originate from pre-existing nevi or a genetic predisposition ( Figure 4, arrow 3 ). Our data suggest that PAX3 may be important in non-chronic-sundamaged tumors, due to the link between PAX3 immunoreactivity, younger age at biopsy, and lower solar elastosis grade (Figures 2 and 3) . Chronic sun damage may induce melanoma by an independent mechanism, or work on pathway components downstream of PAX3, thereby making expression of PAX3 protein dispensable. Other factors correlated with non-chronic-sun-damaged tumors are mutations in the BRAF or N-RAS genes. 7 Signals through receptor tyrosine kinases can promote proliferation through BRAF and the MAP kinase pathway as well as promote survival through the PI3 kinase cascade. Future studies will be designed to examine if PAX3 is involved in this pathway. Perhaps, in nonchronic-sun-damaged tumors, PAX3 actively promotes lesion survival while BRAF mutations support tumor proliferation. Figure 4 A model for melanoma development. Within the mature tissues, melanocyte stem cells reside and self-renew (arrow 1) or generate daughter cells to produce pigment for the skin (arrow 2). PAX3 protein helps maintain the stem cell phenotype while inhibiting terminal differentiation. Genetic susceptibility leaves the stem cell vulnerable to uncontrolled cell growth and loss of terminal differentiation in melanomas (arrow 3). Melanomas are also induced through environmental factors, such as by sun damage through ultraviolet irradiation (arrow 4). In our present study, we find a correlation between PAX3 expression and nonchronically-sun-damaged melanomas but not chronically-sundamaged melanomas.
